A large rapidly decreasing intensity called the 'scattering tail' is generally observed at the smallest recorded angles during small-angle measurements of metallic alloys. Since this tail was interpreted as caused by a bimodal phase separation in Cu-Ni-Fe alloys and by long-wavelength concentration fluctuations in Invar alloys, these two systems were re-examined with anomalous X-ray scattering. The variation of the alloying atomic contrasts allows a discrimination between the different types of particles or defects. In neither of the two systems can the tails be interpreted as caused by large-scale concentration fluctuations. In Cu-Ni-Fe alloys, the tail is due to some kind of superficial defect (surface roughness etc.). In Invar alloys, the tail is probably due to residual impurity particles.
I. Introduction
X-ray and neutron small-angle scattering spectra of metallic alloys generally exhibit at the smallest recorded angles a large rapidly decreasing intensity, which is called in the following the ~scattering tail'. This tail is almost always present: it is observed together with medium-range small-angle scattering in the case of phase-separated alloys and is often attributed to the coarse grain boundary precipitation (light alloys) accompanying the structural precipitation. It is also observed in the case where there is no homogeneous precipitation such as as-quenched alloys (Bley, Guyot & Lefebvre, 1985) or in metallic glasses (Rodmacq, Mangin & Chamberod, 1984) . In the first case, it has been attributed to contamination since this tail was greatly reduced by polishing the sample. In the second case, immersion of the sample in a liquid of the same mean scattering factor gives a vanishing signal, indicating that the tail was due to surface heterogeneities.
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The interpretation of the tail may then be classified into internal particles and surface heterogeneities. Small-angle scattering being sensitive to heterogeneities (difference of electronic densities in the case of X-rays, difference of scattering lengths for neutrons), the contrast between the material and the surroundings is generally much stronger than that between the particles and the matrix, so that much smaller amounts of superficial defects than of internal particles may give equivalent signals.
In order to confirm the interpretation, one should use contrast variation methods such as isotropic substitution of neutrons (ISANS) or anomalous scattering of X-rays (ASAXS) (which is a resonance between absorption and scattering occurring in the vicinity of an absorption edge, see Table 2 ). Through variation of the scattering factor of a labelled atom, the scattered intensity changes by an amount depending on its site. This has recently been done by ASAXS in Cu-Ni-Sn decomposed alloys by Goudeau, Naudon & Welter (1990) .
The aim of this paper is to specify the origin of the scattering tail by ASAXS in two systems: Cu-Ni-Fe alloys and the Invar, Fe-Ni, alloys.
Cu-Ni-Fe alloys
These alloys are model alloys for phase separation. They have been intensively studied by SANS (Aadlers, Van Dijck & Radelaar, 1984; P6erschke, Wagner, Wollenberger & Fratzl, 1986) and by ASAXS (Lyon & Simon, 1987 , 1988 . The intensity displays a maximum which increases and shifts towards low q values (q = 4-n-/,~ sin0) as ageing goes on: it was shown that it corresponds to an orderly pattern of two phases whose growth is driven by coarsening.
The ASAXS intensity maximum increases by a factor of 2 (3) when approaching the Fe edge (Ni edge) and the analysis shows that the two phases are respectively Cu rich and Ni-Fe rich.
These large changes of intensity are due to a variation of the anomalous scattering factors, larger than the differences of atomic number among these three transition elements. The defect responsible for the intense tail is controversial. The SANS measurements showed an intensity increase of the tail as the thermal treatment is pursued. In the absence of evidence of heterogeneous precipitation seen by transmission electron microscopy, a bimodal phase separation was proposed with large and small characteristic wavelengths. Preliminary ASAXS measurements showed that the scattering tail has a completely different behaviour from the 'hump'. There is almost no intensity variation as the photon energy is changed in the vicinity of the Fe or Ni edges (Lyon & Simon, 1988 ).
Invar alloys
The nature of the precipitation is a puzzling problem. A quasi-periodic array of Ni-rich and Fe-rich zones is formed under irradiation between 723 and 948 K. The origin of such concentration oscillations (irradiation driven or irradiation enhanced) is still under discussion (Simon, Lyon, Faudot, Rezpski, Dimitrov, Boulanger & Martin, 1990) .
A scattering tail, observed by SANS in a 'null matrix' Fe-34 at.% Ni alloy, has been attributed to homogeneously distributed concentration fluctuations with Guinier radii of 30 to 100 nm (Wiedemann, Wagner & Wollenberger, 1989) . Our first SAXS results (Simon et al., 1990) , however, on different Fe~Ni~_x (56 < x < 65 at.%) samples aged at 773 and 873 K, combined with nanoanalysis in scanning transmission electron microscopy and magnetic measurements, argue against a phase separation: in these Invar alloys, the X-ray contrast was reinforced by a factor of eight by probing with photons of 7090 eV near the Kve edge (7112 eV). No signal was observed in as-quenched or in aged samples for q larger than 0.4 nm-1, but a scattering tail, the sign of 'big' objects, was present down to 0.1 nm -1.
The aim of this paper is to determine the features of the scattering tail using a geometry which allows smaller angles (down to 0.03 nm-~) and to interpret these results with the help of anomalous SAXS measurements in Cu-Ni-Fe alloys and Invar alloys.
II. Experiments

II. 1. Materials and heat treatments
Fe-Ni alloys were obtained from high-purity materials by melting an in inductive plasma furnace at the Centre d'Etudes de Chimie M6tallurgique de Vitry (Simon et al., 1990) . The sample preparation consists of ingot homogenization (5 h at 1323 K) (Lyon & Simon, 1987) . They are rolled to 50-80 lxm thickness, homogenized and recrystallized for 8 h at 1023 K, quenched and electrochemically thinned to 10-20 txm thickness. As-quenched samples (symbol Q) or aged samples under high vacuum (Table 1) (symbol 7) were examined. A second batch of treatments (homogenization for 1 h at 1123 K and ageing for 72 h at 775 K) were made on CuNi23Fe, called CuNi23Fe-Q2 and CuNi23Fe-T 2.
II.2. Anomalous small-angle X-ray scattering (A SAXS) experiments
The ASAXS measurements were made on the D22 beam line of the Synchrotron Facility of LURE (Orsay). The apparatus and the data-collection procedure have already been detailed (Dubuisson, Dauvergne, Depautex, Vachette & Williams, 1986; Lyon & Simon, 1987 ) and we present here only the specific problems of very small-angle measurements.
The sample-detector distance, adjusted by modular vacuum tubes, was either 1995 or 1035 mm. Associated with a 3 mm high beam stop, it allows SAXS measurements down to q = 0-04 or 0"06 nmat ,~ = 0.15 nm. This is possible due to the small vertical divergence of the synchrotron beam, the use of an Si(111) double monochromator with a narrow Darwin width and the recently designed slits equipped with Mo cylinders which minimize the rim diffuse scattering. A drawback of the Si(311) monochromator is the small flux.
The antiscattering slits and beam stop were centred so that the scattering background (without sample) was minimum and symmetric and also that both the wings of the elastic signal of an AI-Li sample are symmetric. Moreover, it was checked that this alignment is not perturbed by a change of photon wavelength A (energy E, with E oc l/A). This displacement is smaller than half a pixel (620 < 5 × 10 -s, i.e. 6q < 2 x 10 -3 nm-~) in the vicinity of an edge (AE/E)< 4%), but becomes appreciable when changing from the Fe edge to the Ni edge (AE/E-17%) with a shift of the beam centre of 1.5 pixels. In order to allow comparisons between samples, we prefer to use a mean alignment of slits and beam stop. We only change the photon energy or the sample (ready for use in a revolving holder) and control the stability of the alignment by recording parasitic spectra (the parasitic signal is much smaller than that of the sample). The spectra are corrected for this parasitic scattering, and the q origin is obtained by the best matching of the left and right scattering wings. The curves are calculated on the same q scale for easy comparison at all energies. The absolute calibration (within 10%) is calculated from the fluorescence signal from a pure Ni film. The relative calibration as a function of energy is done by recording spectra from a non-anomalous sample (A1-2.5 at.% Li aged for 6 h at 423 K) in a short geometry, L = 650 ram. Our beam geometry only approximates a point geometry. The beam is 2.5 mm wide and 0-2 mm high while each of the 512 pixels of the linear detector is 3 mm wide and 0.15 mm high. The signal should be deconvoluted: this correction is negligible above q > 0.08 nm-~, but the scattering cross section is larger than the measured intensities by a factor of 2 at q = 0.035 nm-~ in the case of the longer geometry. Without this correction, the exponents in the power law I ~ q " would have been underestimated by about 0.5 for 3 < n < 4.
Finally the problem arises of the residual flat intensity due to Laue scattering, to the pre-edge fluorescence called resonant Raman scattering and to the classical fluorescence of Fe near the Ni edge. When there are no medium (or weak) medium-range heterogeneities such as in Invar and as-quenched CuNiFe samples, the residual intensity may be determined from the asymptotic behaviour and the tail signal is larger than this residual flat intensity for q < 0-2 nm-I. In the case of aged CuNiFe samples, the phase separation gives an intensity maximum near 0.5 nm -~ and thus the flat noise cannot be experimentally evaluated, but it is much smaller than the intensity maximum ( Fig. 1) and has been neglected.
II.3. Anomalous atomic scattering factors
The atomic scattering factorf(E) is written as F(E) +/f"(E) where F(E) = Z + f'(E) is independent of q in the SAS range and where f"(E) represents the absorption. It has been shown (Lyon & Simon, 1987) that the tabulated values (Sazaki, 1984) deduced from the Cromer & Libermann (1970) formalism can be used if we do not approach the absorption edge closer than 10-3 in relative energy, AE/Eedge (Table   2 ).
III. Results
From the smallest recorded q-momentum transfer (-0.035 nm -~) up to about (0.2nm I), the tail consists of a rapidly decreasing signal for all samples studied. For larger q values, the intensity is negligible in as-quenched Cu-Ni-Fe and Invar samples, while for aged Cu-Fe-Ni samples, the increasing part of the hump (due to phase separation) is revealed.
III. 1. Cu-Ni-Fe: anomalous SAXS results
Near one edge, the tails are hardly distinguishable from one energy to another in all Cu-Ni-Fe alloys (Fig. 1) . In contrast, the hump displays its 'usual' anomalous variation (Fig. 1 and cf. I. 1) . To confirm the relevance of this observation and quantify the precision, we proceed in the following way: first we discuss integral values, such as (I)= fldq or the truncated integrated intensity I = flq2dq in a pertinent q range (0.04 < q < 0.15 nm-~). Since the shape of the tail (a power law, I ~ q-") is identical for all energies (for a given sample), there is a fixed proportionality between (I) and I and results deduced from the analysis of one or other of these two parameters are identical.
Finally we measure the (I(E)) and (I(E)) values on an A1-Li sample, which also presents a scattering tail of the same amplitude and of a similar shape. The precision in the integral values is about 5% on each edge and there is about a 20% difference between the levels near the Fe edge and the Ni edge. This uncertainty is much larger than the uncertainty in the calibration of the energy efficiency of the detection, which is obtained from the integrated intensity of the decomposed A1-Li with standard small-angle geometry. The very small-angle measurements are much more sensitive to imperfect correction for the parasitic scattering, imperfect evaluation of q = 0, beam misalignment perpendicular to the detection direction and large intensity at the cut-off momentum transfer qmin.
The integral values measured on the tails of Cu-Ni-Fe samples are constant within 10% on one edge and within 30% for both edges. This means that the SAXS tails do not have the same origin as the 'hump': they cannot be attributed to large-scale phase separation between Cu and NiFe, which, we recall, gives intensity variations by a factor of 2.5 at both edges.
On the contrary, our results from anomalous scattering on the tail are compatible with surface defects. In the simplest hypothesis of superficial roughness, the SAS contrast AF 2 is the mean scattering factor of the sample, averaged over the alloying elements, They are indistinguishable. The integral values (T) and T are within 10% on one edge and the mean value between the Fe edge and Ni edge may differ by +25 or -25%, apparently erratically with the sample (Table 3) . Although these results are compatible with surface roughness, this may be too crude a representation: surface defects may include segregation, with a contrast made of a different weighted sum of Fs or composed of oxide particles (with their own electronic density). Any kind of surface heterogeneities will nevertheless give small anomalous variations, as do the F;, while internal heterogeneities would, at least on an edge, give large anomalous variations, as do the F;-~•.
The only exception was CuNi23Fe (Fig. 6 ). There is an increase by a factor of about 1.6 near both the Fe and the Ni edges (see also Table 3 ) for CuNi23Fe-Q1 and by about 30% near the Ni edge only for CuNi23Fe-TI. We then realized that the chosen homogenization treatment was at the boundary of the two-phase domain (Chart, Gohil & Shu, 1982) and we applied further treatment for 1 h at 1123 K. The tail intensity is reduced and no longer exhibits any anomalous variation (Fig. 7) . This indicates that the first homogenization process was indeed insufficient and that the second batch of CuNi23Fe samples do not differ from the other compositions of CuNiFe.
Finally we attempted to change and improve the polishing conditions but without success. There is no significant trend correlating the tail intensity with the sample thickness, but the most brilliant ones have the weakest tails.
III.2. Cu-Ni-Fe: analysis of the tail shape A log-log representation of I(q) data shows that the tails vary as q-". The power-law coefficients n are collected in Table 3 . n is close to 4 in all alloys except for CuNi23Fe-Q1 (where it is close to 3; this too confirms that the defects observed by ASAXS in this last sample have a different nature from that of the other alloys and will not be discussed further). The integrated intensities (in reduced units T) are given in Table 3 . They range from 0.1 x 10-4 (CuNil5Fe-T) to 1.5 x 10 4 (CuNi07Fe-T). In our units,
where Ji. is the defect volume fraction and V,, the atomic volume, f, ranging between 10-5 and 1.5 x 10 4. If it is assumed that a superficial layer covers a portion p of both sides of the samples, the thickness of the defect is given by d = tfJ2p where t is the total sample thickness, d is smaller than 0.5 nm for 100% coverage and smaller than 50 nm for 1% coverage. Thus a minute amount of large defects is able to give a large signal at very small angles.
Of course this volume fraction is underestimated as is the integrated intensity, truncated by the cut off at qm = 0.04 nm-1. We call this measured integrated intensity Im and assume that the q-4 behaviour continues to qo. The real intensity Ir is larger than I0,
Thus, if, for instance, Porod's law is followed down to q,,,/lO, then the real integrated intensity is larger by at least a factor of ten. The same is true when attempting to calculate the size of the defects. From the asymptotic behaviour, This minimum size is 15 nm and this value has to be multipled by ten if [,.l[m = 10. Finally, the Guinier radii, also underestimated since we measure them beyond the limit of validity (qRa > 2-5!), are of the order of 60 nm. 
III.3. Invar alloys: ASAXS results
The scattering tail is not intense, being an order of magnitude weaker than the corresponding intensity in Cu-Ni-Fe. The shape of this tail is identical for all energies (I-q-") and the measured n value, similar for the three alloys, is close to 4. This is an indication of 'defects' with sharp interfaces. The truncated integrated intensity (Table 3 ) yields a tiny amount of defects (bearing in mind the discussion on the necessary precautions about the amount of truncation given in the previous paragraph). Their Guinier radii are larger than 60 nm.
As the photon wavelength is tuned closer and closer to the Fe edge, the anomalous intensity decreases for the three samples (Fig. 8) . The AI/I (Table 3 ) changes from one sample to another (from 33% in Fe65Ni35 to 92% in Fe6oNi4o). This variation is much larger than the variation of the mean contrast of the alloy with respect to the outside. The relative variations of 7", although smaller, still range from -26 to -58% (Table 3 ). Other types of defects must then be discussed.
First, this variation is incompatible with a phase separation. Indeed, in this framework, the contrast should vary as (FN~-Fv~) 2 (Simon & Lyon, 1989) and, from Table 2 , the intensity should increase by a factor of four from 6875 to 7104 eV. This proves that the scattering tail should not be interpreted as concentration modulations. The conclusion of the previous paper (Simon et al., 1990) , 'These ASAXS measurements have not detected any concentration modulation in the dimensional range of 1 to 20 nm', is then confirmed and extended up to 50 nm (these results). This size range overlaps with the nanoanalysis in scanning transmission electron microscopy (previous results) with a 10 nm resolution. The following conclusion can be repeated: 'at the composi- 
where p, = Fi/V~, V~ being the molar volume. The 'defect' responsible for the scattering tail certainly has an electronic density Pa, smaller than that of the Invar matrix p,,, since the metallic structure is generally the most compact. Since Pm decreases as E is tuned closer to the Fe edge, varying with Fre [(1) and Table 2 ], Pa either is constant if it does not contain any Fe or decreases with a different weighting of the Fs. The absolute decrease of Pm should be lower than that of P,/. This excludes Fe compounds such as Fe oxide or Fe carbide. The electronic density of P,/can be calculated from (2). We obtain 0.75 electrons A,-3 in Invar 65-35 to 1.45 electrons A,-3 in Invar 60-40.
The nature of the 'defects' cannot be more closely specified. We note that the volume fraction of these defects is 10-5, of the same order of magnitude as the impurity content of the alloy (25 parts in 106).
Thus residual insoluble particles could be the origin of such a tail.
Concluding remarks
One should be very cautious when attempting to interpret the very small-angle tails in metallic systems. Although a rapid decrease of the intensity from the smallest recorded angles is commonly observed, it may correspond to a tiny amount (-10 -4 ) of artefact particles and no conclusion should be drawn without using a contrast variation method. In this study, the anomalous small-angle X-ray scattering was used to study the scattering tails present in two alloying systems, Cu-Ni-Fe and Invar alloys.
In Cu-Ni-Fe alloys, the tail is due to some kind of superficial defect, roughness or contamination. In Invar alloys, the tail is compatible with residual insoluble particles. In none of these systems can the tail be due to a phase separation with concentration modulations of long wavelength (,~ > 50 nm).
